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Abstract 
The CO2 Capture Project (CCP) is a partnership of six energy companies working to advance the technologies 
that will underpin the deployment of industrial-scale CO2 capture and storage (CCS). Harnessing the unique 
expertise of its members, the CCP has worked in collaboration with government bodies and more than 60 academic 
institutions, industry and leading environmental groups. Initiated in 2000, the overall objective of CCP is to deliver 
major cost reductions for CO2 capture and demonstrate that geological storage is efficient, verifiable and secure.  
 
Phase 3 of The CO2 Capture Project (CCP3) has been undertaken during 2009-2014 and with continuing support 
of R&D work for capture and storage technologies at multiple levels of development, including exploratory research 
to demonstration. 
 
Demonstration of the next generation technologies being developed by CCP is a key aspect of this third phase of 
the project and several capture and storage technologies have been or will be deployed (or made deployment-ready) 
within the CCP3 timeframe: 
x The regenerator of a large pilot Fluid Catalytic Cracking (FCC) unit in a Brazilian refinery owned by 
Petrobras was retrofit to oxy-firing with CO2 recycle. A successful demonstration was completed in 2012.  
x The retrofit to oxy-firing of a commercial Once Through Steam Generator (OTSG) used in oil sands 
extraction operations in Canada (duty of 50 million BTU/hr) was performed in 2013, following completion 
of a feasibility study by Praxair. A demonstration run is scheduled in early 2014 and the main results will 
be included in the conference paper. 
x Field deployment and performance assessments of new CO2 storage monitoring techniques at third party 
pilot / demonstration sites   include: a modular borehole monitoring (MBM) assembly at Citronelle Dome 
(Alabama), Borehole Gravity at Cranfield Field (Mississippi) and InSAR at Decatur (Illinois) and 
electromagnetics at Aquistore (Saskatchewan). 
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Other R&D projects completed in 2013 or early 2014 with co-funding of the CCP include: 
x Investigation of novel oxygen carriers (none Nickel-based) for Chemical Looping Combustion. 
x Pilot testing of commercial burners for refinery crude process heaters in oxy-firing mode. 
x Prolonged laboratory test of palladium alloy membranes in Water Gas Shift operating conditions and 
design of a pilot membrane module. 
x Pilot and bench-scale testing of several novel solvents for post-combustion application, including non-
aqueous and enzyme-enhanced solvents. 
x Geomechanical hysteresis of top seal from prior oil extraction processes and potential impacts on CO2 
storage containment 
x Fundamental studies of subsurface physico-chemical processes to simulation of through seal CO2 leakage 
and intervention options. 
x Design of a bench-field scale “fracture sealing” experiment to test candidate sealant performance  
 
Selected scenarios for application of the CCP capture technologies are: 
x  Oil refinery (capture from steam boilers, process heaters, fluid catalytic crackers, hydrogen plants) 
x  Steam production for extraction of heavy oils 
x  Natural Gas Combined Cycle (NGCC) power station 
 
These represent major sources of CO2 emissions for the CCP member companies and some of their customers.  
 
Storage venues may range from saline formations to CO2 EOR and possibly unconventional gas reservoirs. 
Relevant findings and technologies may be leveraged for oil and gas exploration and production characterization and 
surveillance.  
 
An assessment of the performance and economics of state-of-the-art post combustion, oxy-firing and pre-
combustion for the above applications has been carried out. Foster Wheeler was commissioned to conduct technical 
evaluation studies, while an in-house economic model was developed, which included capture, transportation, and 
storage costs. The objective of these studies was to provide material for a CO2 capture handbook to be used to 
support CO2 capture technology selection in the oil and gas industry. The technical/economical evaluation of novel 
technologies developed in CCP3 was undertaken using the same procedure (third party performance evaluation and 
in-house economic model). The main results will be included in the conference paper. 
 
The CCP3 also maintains Policy and Communications capabilities with on-going stakeholder interactions and 
continues to make accurate and current technical information publicly available including a number if Technical 
Factsheets and Annual Reports.      
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1. Introduction to CCP 
Since its formation in 2000, the CCP has undertaken more than 150 projects to increase understanding of the 
science, economics and engineering applications of CCS. The group has been working closely with government 
organizations – including the US Department of Energy, the European Commission and more than 60 academic 
bodies and global research institutes. The CCP is currently approaching conclusion of its third phase, scheduled to 
finish later in 2014. 
 
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
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During the course of the past year, a number of significant CCP projects were brought to conclusion. This work 
has continued to develop our understanding of how the oil & gas industry can safely deploy the most cost-effective 
CO2 capture and storage technologies into its operations to reduce CO2 emissions when needed in the future.  
 
This paper takes the opportunity of highlighting the main achievements and the valued contribution of our 
member companies and their staff as well as academic, industry and government partners in bringing to fruition 
many of our projects. CCP is able to draw upon a global network of CCS expertise, without which many of our 
achievements would not have been possible. 
 
2. The scenarios of the CCP3 capture program 
Three scenarios were selected for the work in CCP3 and a range of oxy-firing, pre-combustion and post-
combustion options assessed, including a number of novel capture technologies. The scenarios selected were: 
• Oil refineries 
• Heavy oil/oil sands production 
• Natural gas power processing 
Economic evaluation has been completed for each technology in each of the scenarios, allowing comparison 
against state-of-the-art baseline costs. 
The work carried out by the CCP Capture Team was conducted with the support of a number of industry and 
academic partners. It has evolved into a significant body of knowledge which should prove of real use in the future 
development of cost-effective capture solutions for the oil and gas industry.  
An assessment of the performance and economics of state-of-the-art post combustion, oxy-firing and pre-
combustion for refining operations, steam production for heavy oil extraction and natural gas power generation has 
been carried out. Foster Wheeler was commissioned to conduct technical evaluation studies, while an in-house 
economic model was developed, which included capture, transportation, and storage costs. The objective of these 
studies was to provide material for a CO2 capture handbook to be used to support CO2 capture technology selection 
in the oil and gas industry. 
For each scenario the studies by Foster Wheeler included a post-combustion baseline, using a state-of-the art 
commercial technology, and the most relevant alternative and novel technologies. All of the technologies were 
studied for the same size of application and using the same assumptions.   
The results were further elaborated by the CCP using an in-house spreadsheet, to achieve comparable economics 
in terms of CO2 capture and avoidance costs.  
 
3. Capture program summary 
3.1. CO2 capture from oil refineries 
Refineries are responsible for some 6% of total emissions of CO2 from stationary sources amounting to 0.8 
billion tons per year worldwide (by contrast power stations account for more than 80%). Emissions from a single 
refinery depend on several factors, but are in the same range as a large power station.  
A typical refinery has a wide range of CO2 emission sources, including fired heaters, boilers and process units, 
with multiple stacks emitting flue gas to the atmosphere. In this multi-source environment, two major emitters may 
be identified depending on the specific refinery process scheme: 
• The regenerator of the Fluid Catalytic Cracking (FCC) unit 
• The hydrogen production unit (usually a steam reformer) 
The combination of these two processes may account for up to 50% of CO2 emitted at a given refinery. 
Therefore, they are the primary targets for reducing refinery greenhouse gas emissions. Remaining sources of CO2 
are represented by boilers and fired heaters (tens of units, grouped in clusters and discharging to several stacks).  
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In this scenario the FCC unit and a typical cluster of fired heaters are the CCP3 subjects of R&D projects and 
engineering studies evaluating state-of-the-art CO2 capture technologies to identify the most promising solutions for 
future application. 
Among applications of interest to the CCP, FCC is the most favorable to oxy-firing. In fact, considering that the 
cryogenic Air Separation Unit (ASU) is the main contributor to capture cost for this technology (both capital and 
operating), in the case of FCC, the “fuel” is coke deposited on the catalyst, so that all of the oxygen produced is 
transformed into CO2. On the contrary, burning a gaseous fuel like natural gas, part of the oxygen (as high as 50%, 
if the fuel is methane) is transformed into H2O, so that the ASU must supply a higher flow rate of oxygen.  Another 
reason for the favorable economics for the oxy-firing process in a FCC is the fact that the FCC is operated slightly 
above-atmospheric pressure, which avoids any air ingress and the need for a cryogenic purification unit if a high 
purity O2 stream (99.5 mol% O2) is used as an oxidant. 
Even in this favorable case, the CO2 avoidance cost of post-combustion is only slightly lower than the oxy-firing 
cost. 
The CCP and Petrobras set up an oxy-firing field 
demonstration at Petrobras’ SIX testing facility in 
Brazil, testing different operational conditions and 
feedstocks to demonstrate that stable operation may be 
maintained operating the regenerator in oxy-
combustion mode and to obtain reliable data for scale-
up.   
The pilot FCC unit (Fig. 1) allows simulation of a 
commercial unit, including the energy balance. The 
retrofit of the unit involved the design, construction and 
installation of an oxygen supply system (OSS) and a 
CO2 recycle system (CRS).  
The test program, performed in 2011-2012 
demonstrated steady operation in oxy-firing mode, 
achieving CO2 concentration up to 95% vol. in the flue 
gas. CO2 has a much higher specific heat than nitrogen. 
As a consequence more heat may be absorbed by the 
gas in the regenerator, so that the FCC unit may operate 
at a higher throughput (up to 10%) or process lower 
cost feeds. Considering the above potential advantage 
and the typical lay-out issues of a refinery in which 
oxy-firing would need much less space close to the 
FCC unit than post-combustion, oxy-firing may 
compete with post-combustion for this application.   
Heaters and boilers (H&Bs) are grouped into 
clusters of a few units and located throughout the 
refinery, discharging the CO2 to several stacks and 
totalling 20-30 units in a typical refinery. 
 
The CCP approached this scenario considering the capture of CO2 from a small cluster of boilers or heaters.  In 
this case, post-combustion is the lowest cost technique, because pre-combustion and oxy-firing are penalized by the 
relatively small scale of operation. However, possible limitations in the plot plan availability for post-combustion 
may limit its applicability. 
 Another approach may consider capturing CO2 from the whole set of H&Bs in the refinery. In this case pre-
combustion might be preferred, feeding all of the refinery fuel gas to an autothermal or steam reformer located 
outside the refinery boundary fence, producing hydrogen to be used as a fuel and potentially as a chemical in the 
entire refinery. The economic assessment has confirmed the economic advantage of this pre-combustion CO2       
capture technology option. 
Fig. 1. The FCC test unit (courtesy of Petrobras) 
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  While specific burners for oxy-combustion are under development by several vendors, in the case of retrofit the 
use of existing burner systems with some modifications, if needed, would be preferable. Costs for retrofit would be 
decreased and the option of shifting between 
combustion modes would be guaranteed.  
The CCP therefore commissioned the John Zink 
Company to conduct oxy-fired testing on two of their 
conventional process heater burners, an SFG staged gas 
low NOX burner and a COOLstar® Ultra-Low NOX 
burner. This project was based on a single burner test 
for both burners, and took place at John Zink’s state-of-
the-art test facilities in Tulsa, Oklahoma (Fig. 2).  Both 
burners were tested with natural gas and simulated 
Refinery Fuel Gas (RFG). The project was concluded 
in June 2012. Both burners performed satisfactorily 
under oxy-firing conditions with no performance 
issues. Transition between air and oxygen was 
successfully performed several times. The level of air 
ingress was higher than expected. Achieving less than 
10% vol. nitrogen in the flue gas is likely to be a major 
challenge, adversely affecting downstream CO2 
purification costs. Oxy-firing remains a more viable 
technical option for systems with boilers, operating at a 
positive pressure in the firebox.  
In pre-combustion, the Membrane Water Gas Shift 
(MWGS) technology was successfully studied and Pd 
alloy-based membrane tubes developed by Pall could 
withstand more than 1,000 hours in operation with 
actual syngas showing good permeability to hydrogen 
and no significant decay. However, the very high cost 
of the membrane modules and the assembly of 
sufficient modules  into a large-capacity plant means that this technology is unlikely to be economically attractive 
for large scale applications in the near future. 
3.2. CO2 capture from oil sands/heavy oil extraction 
The in-situ extraction of oil sands or bitumen requires large amounts of steam, using the Steam Assisted Gravity 
Drainage (SAGD) technique.  A pair of horizontal wells are drilled into the reservoir, one a few meters above the 
other. Steam is continuously injected into the upper wellbore to heat the oil and reduce its viscosity, causing the 
heated oil to drain into the lower wellbore, where it is pumped out. Once-through steam generators (OTSG) are the 
primary technology used in oil sands operation for producing this steam. These boilers use significant amounts of 
natural and/or produced gas, and are expected to be a major source of growth of GHG emissions in countries such as 
Canada since upwards of 85% of the country’s oil sands are suited to in-situ methods of extraction.  This is an 
important area of development which could significantly reduce the greenhouse gas emissions of these operations, 
both for new build and existing operations. 
The CCP3 has worked both on capture from OTSGs and on application of novel technology, like Chemical 
Looping Combustion.  
Fig. 2. Furnace for burner tests (courtesy of John Zink Co.)       
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Considering the relatively small scale of operation and the fuel used, detailed economic analysis concluded that 
post-combustion was the lowest-cost option. This conclusion is different than the one achieved in CCP2, which was 
based on generic post-combustion capture 
technology.  Detailed analysis in CCP3 suggested 
that due to the higher relative construction costs of 
capital-intensive oxy-firing technology (e.g., ASU 
and CPU units) in Alberta location, oxy-firing 
technology was not economically competitive to the 
state-of-the art post-combustion capture technology. 
Oxy-firing might become of interest in the case 
of natural gas is replaced by a heavier fuel, e.g. a 
fraction of extracted oil. The CCP joined by 
Cenovus Energy, Devon Canada, MEG Energy, 
Praxair, and Statoil is demonstrating oxy-fuel 
combustion technology to reduce CO2 emissions 
from OTSG. The project started with a feasibility 
study to assess the cost of retrofit for a typical 
commercial operation of OTSG (4 boilers, 250 
million BTU/hr each) and for the boiler designated 
for the demonstration (50 million BTU/hr boiler 
operated by Cenovus in the Christina Lake 
extraction site (Fig. 3)). At the time of writing this 
paper the unit has been retrofitted, but the test has 
not been performed.  
 
 
The Heavy oil/oil sands production scenario looks promising for future application of Chemical Looping 
Combustion (CLC), a novel technology whose development has been supported by the CCP since Phase 1. A CLC 
boiler system, consisting of two vessels, has a larger and higher plot plan than conventional boilers. This is a strong 
constraint for application to refineries, in which CO2 capture will mostly be a matter of retrofitting the existing 
equipment. In contrast, the extraction of heavy oil by steam injection in the reservoirs (i.e., Steam Assisted Gravity 
Drainage or SAGD) is an expanding area where new-built plants will play a major role and plot plan constraints 
may not exist. CLC could therefore become the ideal solution for next generation capture technology in this field, 
replacing OTSGs currently used in heavy oil operation in Canada and the USA.      
Development of novel oxygen carrier materials both cheaper and more environmentally-friendly than currently 
available Ni-carriers has been the focus of CCP3 technical work in this field, and promising Calcium-Manganese 
carriers have been developed and evaluated at the pilot plant scale. 
Detailed design of a next scale (10 MW) unit and a commercial unit (320 MW) for replacement of OTSGs in 
conventional SAGD clusters were carried out, allowing a detailed economic evaluation. Quantified results showed 
that CLC, compared to state-of-the-art post-combustion appeared slightly more expensive in terms of capex, but had 
advantages in terms of higher efficiency and CO2 capture rate and lower operating costs. This is also a function of 
the high location cost factors associated with the Canadian oil sands. CLC would have a better chance of being 
competitive in a relatively lower capex/higher fuel cost application. 
3.3 CO2 capture from Natural Gas Combined Cycle (NGCC) power stations 
This is a difficult application, since the low concentration of CO2 in the flue gas (4% vol.) apparently penalizes 
post-combustion resulting in larger equipment and possibly higher energy consumption than for coal-based power 
generation. CCP2 carried out a thorough investigation of state-of-the-art and future pre-combustion technology in 
search of cheaper alternatives to post-combustion with several technology providers in the frame of the EU-funded 
project CACHET. The conclusion was that pre-combustion cannot challenge post-combustion due to lower 
Fig. 3. OTSG for demo run (courtesy of 
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efficiency and high capital cost [1]. Evaluations in CCP3 confirmed that commercial state-of-the-art post-
combustion technology already tested at a relatively large scale (though still one order of magnitude smaller than 
needed for a 400 MW power station) would cause a 7 point drop in efficiency (from 57% to about 50%). 
The CCP3 consequently engaged in a screening process of novel post-combustion technologies through studies, 
lab and pilot testing, participating in the PCO2C Partnership, run by the Energy and Environmental Research Centre 
(EERC) of the University of North Dakota (USA). These technologies include novel approaches, like non-aqueous 
solvents (avoiding water evaporation during regeneration), enzyme-accelerated solvents (enabling the use of low-
energy solvents whose kinetics would be very slow in normal conditions) and solid sorbents. In spite of the amount 
of data collected, comparison of these novel approaches to a commercial technology is problematic due to the scale 
of operation and inherent limitations in test plants. Though some of these approaches are promising and deserve 
further development, the CCP has not identified any novel technology that may be considered in significant 
breakthrough when compared to current commercial available technology. 
It is however clear that the post-combustion technology cost is not only impacted by the solvent performance but 
also by process integration within a power plant, an exercise requiring advanced engineering skills often not 
available in small research organizations. Any future novel solvent should therefore be evaluated on a similar basis 
after incorporating the possible process integration opportunities in a power plant. 
3.3. CO2 capture: main lessons learnt 
Post-combustion technology based on amine solvents has consistently progressed over the years. Commercial 
technology providers have been able to both reduce energy consumption (mainly the amount of steam used for 
amine regeneration) and capital cost, optimizing process schemes and the design and construction procedure. As a 
consequence, the target for novel technologies under development has become more challenging, moving towards 
lower capture costs. 
As a matter of fact, the analyses by CCP3 shows that state-of-the-art post-combustion has the lowest CO2 
avoidance cost for each case study considered. Only considering additional factors (e.g., scale factors, layout issues 
or plant debottlenecking), other technologies may compete in the current scenario of energy costs. The higher 
additional fuel consumption compared to other techniques is  the main drawback of post-combustion, but today the 
low cost of fuel gas in North America, after the shale gas revolution, is minimizing this effect. Only in an 
environment of increased fuel cost and reduced greenhouse gas intensity of imported power, oxy-firing based on 
cryogenic Air Separation Units may become competitive with post-combustion. 
4. Objectives of the CCP3 storage program 
At the outset of the CCP3, the Storage team identified the following lines of enquiry aimed at advancing CO2 
storage assurance and efficiency: 
1. Well integrity – Rate and extent of well material alteration processes impacting barrier function 
2. Subsurface processes – Fundamental understanding of pore to reservoir scale physico-chemical processes 
impacting CO2 trapping and containment 
3. Optimization – Risk-based approach to CO2 storage project assessment, operation and surveillance      
4. Monitoring and verification – Retrospective analysis of past surveillance deployment effectiveness and , 
design of subsurface sensor deployment configurations with field testing at third party sites   
5. Field trialing – Efficacy of existing and new subsurface sensors and deployment configurations tested at 
third party field sites   
6. Contingencies – Scenario-based responses to CO2 / brine loss through top and fault seal 
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5. Storage program summary  
5.1 Well integrity 
 
The CCP2 Storage program produced a landmark well integrity study on CO2 producer well [2]. The study 
entailed comprehensive logging, through casing well material / country rock and fluid sampling and vertical 
interference testing.  It was concluded that access to cement / casing and country rock was needed to for access and 
thus alteration of well materials.  This stresses the importance of good cement jobs but also avoidance of 
geomechanical damage to wells.  Regarding the latter, follow up studies by LANL (begun during CCP2 but 
completed in CCP3) aimed at understanding the geochemical alteration processes in response to geomechanical 
damage.  Through experimental work aimed at duplicating alteration patterns observed in the CO2 producer well 
and modelling of possible geomechanical stresses during production, a production history model for alteration over 
the well’s 30+ year production history was developed.  A generalized conclusion is that natural and induced 
geomechanical stresses should be considered in the design and surveillance of CO2-exposed wells.  Despite plans 
for additional well surveys in CCP3, the team was unable to secure approval from operators of such wells.  
 
5.2 Subsurface processes 
 
5.2.1 Reservoir processes 
 
Specialized studies were conducted to test assumptions made about the role of pore-reservoir scale physico-
chemical processes on CO2 storage trapping and containment (see also 5.3 Optimization, below). The results of 
relative permeability (Kr) experiments conducted by a commercial laboratory, particularly inferences of the 
proportion of CO2 trapped through capillary forces in pore spaces, are increasingly prevalent in the literature. An 
ambitious CO2/brine relative permeability and CO2 capillary trapping experimental program was developed to 
assess the sensitivity of experimental conditions to inferring flow and capacity as well as to determine if commercial 
laboratories are capable of conducting these experiments on a routine basis.  The experimental results were 
complicated by “anomalous” data, particularly a low apparent capillary trapping number relative to analog fluid runs 
and literature data.  Procedural changes, namely increase in monitoring of CO2 saturation profiles and adjustment of 
brine flow rate to control mass transfer, eventually yielded residual CO2 values in the expected ranges. It seems 
likely that the initially observed low trapping number was due to an opportunity for CO2 to dissolve in water under 
low flow conditions.  A key question raised by the study is, given the range of flow rates expected in the near 
wellbore and near and distal reservoirs, what is an accurate trapping number for CO2/brine storage systems. 
The impact on CO2 impurities on CO2 mobility, trapping and injectivity has been a key topic in CO2 storage for 
several years.  CCP3 with UT-BEG [3] launched a systematic simulation to assess the role of non-compressible 
gases (e.g., N2, CH4) on plume footprint and trapping effectiveness. Autoclave experiments with O2 co-injection 
were conducted to assess reservoir mineral stability and precipitation of neo-formed minerals. Co-injection of non-
compressible gases increases the buoyancy and thus the vertical and lateral migration rate and extent of the plume 
although this effect diminishes with reservoir depth.  Whereas the injected gas footprint is enlarged compared pure 
CO2 (with implications for monitoring area of review), CO2 trapping may occur more occur more rapidly due to the 
greater volume of water (dissolution) and pore space (capillary trapping) exposure.  Co-injection of O2 resulted in 
minor iron oxide precipitation with carbonate and feldspar dissolution enhanced over the pure CO2 case due to pH 
drop associated with dissolution of pyrite.  These processes, respectively, do not appear extensive enough to inhibit 
CO2 flow or undermine reservoir rock geomechanical stability. 
Capillary entry pressure (Pc) experiments on plug samples, aimed at estimating the maximum CO2 column height 
for a top seal, are rarely reported owing the complexity, time and expense of such work. RWTH-Aachen conducted 
~15 such experiments on Opalinus Shale (Mont Terri, Switzerland) using different methods and different gases (N2 
and CO2). For those experiments that succeeded, the variability in drainage (capillary breakthrough) and imbibition 
(capillary snap-off) results, despite the similarities in sample characteristics, suggests that either micro-fracture 
formation (either from coring, sample de-stressing, dehydration or plug drilling), poroelastic effects or sample 
heterogeneities controlling the capillarity in such rocks, may impact experimental results more that distinct analysis 
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or distinct facies would. This calls into question the value of such experiments, especially when performed on a 
small selection of caprock samples, given the expense and time involved.   
 
5.2.2 Geomechanical properties 
 
In cases where CO2 may be injected for storage in depleted oil and gas fields the cumulative effects of 
geomechanical stress on top seals may have implications for containment security.  CCP3 conducted two such 
geomechanical “hysteresis” studies. The Iona case (Schlumberger, Geoscience Australia and CSIRO) was conducted 
on a depleted gas field which has subsequently been used for natural gas storage. A 3D geomechanical model, 
calibrated with geomechanical data from a direct geological analog (Otway Geosequestration test facility), was 
conducted on the Iona Field (both in Victoria, Australia) [4].  Unexpectedly, it was found that stress increases 
accompanying gas injection served to stabilize bounding normal faults.  A stress arching effect, imparting additional 
stress heterogeneity effects could be important for containment. Surface deformation is predicted to be sufficient for 
monitoring of injection and withdrawal cycles via InSAR.  The second  simulated case conducted by Taurus 
Reservoir Solutions, used the extensive Weyburn Field (Saskatchewan, Canada) data base to build a 3D 
geomechanical model with reservoir pressure calibration through the prior production life. Thermo-elasticity may 
have resulted in tensile fracturing during the early waterflood stage but it is unlikely that this significantly 




The CCP3 storage Optimization program has at its core the Certification Framework (CF) developed since 2009 
by LBNL, UT-BEG and UT-CPGE.  The CF is a risk assessment framework that defines unacceptable risk of 
leakage for specific elements of the storage asset to specific receptors (based on expert opinion and user-based cut 
offs of flow with time) thus identifying additional technical work needed to resolve uncertainties or needed changes 
to operating parameters. The CF team pursued several lines of enquiry on leakage mechanisms that are generally 
poorly understood, most recently, e.g., fault density of geologic systems, size of faults needed for significant 
induced seismicity and pressure accommodation in geologic systems.    
A key CF study used the in Salah storage project (Algeria) to conduct a “time-lapse” risk assessment – i.e., the 
team was given early project information to assess how well a risk assessment at that time would have predicted 
actual eventualities.  It is the opinion of the team that the “early” risk assessment could have predicted higher than 
anticipated pressures and possible consequences (leakage in a suspended well and possible fracturing of the top 
seal). 
The numerous CF team results are outlined with references in Oldenburg et al. 2014 (this volume).       
      
5.4 Monitoring and verification 
 
Two studies address the preparatory processes for monitoring selection. The first assesses the influence of site 
specific variables on monitoring selection  and the second deals with how to quantitatively select monitoring 
technologies by adapting the Value of Information (VOI) methodology against quantifiable benefits in risk 
reduction. 
 
5.4.1 Site specific aspects of monitoring technology selection 
 
It is widely acknowledged that site-specific variability must be considered in order to design a cost-effective 
monitoring system. However, techniques for selecting the suite of monitoring technologies to be deployed in 
commercial storage sites are immature. This study (BEG/UT) illustrates methods to account for the geologic 
variability with monitoring technologies through a variety of well-known tool-specific forward modeling 
techniques. Technologies evaluated include time lapse 3-D seismic for detection of CO2 substituted for brine in 
sandstone, pressure and thermal detection of leakage out of the injection zone into an above-zone monitoring 
interval (AZMI), and geochemical changes for detection of leakage out of the injection zone into an fresh water 
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aquifer. This study provides idealized examples grounded in real cases, of how the characteristics of the site impact 
the sensitivity of monitoring technologies. V1 
 
5.4.2 Quantifying the value of monitoring technology against risk reduction goals 
 
This work by University of Texas demonstrated 
how the concept of value of information (VOI) can 
be applied to assess the benefit of monitoring 
programs in carbon capture and storage (CCS) 
projects. The concepts were illustrated by applying 
this VOI methodology to In Salah seismic 
monitoring decisions.  The cost of acquisition was a 
critical decision, and this process illustrated how to 
address the value of investment against the 
quantified reduction in risk of leakage. A VOI model 
based on the 2008 and 2010 quantitative risk 
assessments was constructed. One substantial 
change in quantifying risk is the recommendation to 
change the objective of minimizing expected 
leakage to one that minimizes the probability of 
leaking more than a given amount, which we call 
Volume at Risk (VaR). This latter objective is very 
similar to ones used in the financial industry to 
measure exposure to low probability, but highly 
consequential events. [5] [6] 
 
5.5 Field trialling 
 
At CCP3’s outset, the storage team had very ambitious field trialling plans, most of which were accomplished 
with some exceptional and serendipitous results. The results and implications of the studies are outlined below.  
LBNL’s modular borehole monitoring (MBM) system, a single completion downhole assembly with fluid sampling 
capability and acoustic and temperature sensors, was further developed for CCP3 Midway through this effort, an 
opportunity arose to deploy the system at Citronelle Dome (Alabama, USA) [7]. The development team was able to 
incorporate learnings from the deployment into the final design and identify future developments along the lines of 
robust, long-term autonomously reporting sensors and functionalities such as in situ sensing of cement degradation. 
Time lapse acquisitions were examined for borehole gravity at Cranfield and a comparison of the contributions of 
4DVSP and 4D surface seismic was made at CO2CRC Otway project. We also looked at time-lapse through casing 
resistivity and saturation logging with some learnings on how to approach time-lapse operations in the future. We 
also had the opportunity to examine the value of downhole to surface EM monitoring and were able to test trial an 
emerging non-intervention downhole to surface EM technology that can potentially image a CO2 plume out 1000’s 
of feet from the well. 
  
Fig. 4. VOM inverse Bayesian decision tree 
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5.5.1 Modular Borehole Monitoring: Design considerations 
 
The LBNL Modular Borehole Monitoring 
(MBM) Program was a three year research and 
development effort to develop a next generation 
flexible-design principles of an integrated well-
based monitoring system for CO2 sequestration.  
The initial tasks were to perform a review of 
technologies and tools applicable to well-based 
monitoring of CO2 sequestration, and then identify a 
subset of critical technologies and perform a 
conceptual engineering design of an integrated 
monitoring platform. There are several different 
ways to deploy a range of sensors and technologies 
which include permanent deployment by cementing 
outside casing, although this raises integrity issues 
and is not favoured.  A more effective deployment is 
to clamp onto tubing. Additionally other means for 
deployment were considered such as through coiled 
tubing deployment as well as enveloping the 
technology in a wireline strengthened umbilical that 
could be wound on a spool and be retrievable.  
Critical to the design was the attention to the 
deployment safety by appropriate design of pressure barriers, surface pressure isolation and the incorporation of 
downhole packers that can be activated from surface using fluid injected through the patented tube-in-tube stainless 
steel tubes. 
 
5.5.2 Modular Borehole Monitoring: Practical deployment Citronelle Alabama 
 
The Citronelle Dome MBM system was successfully deployed in March 2012 in the 9400 ft. deep D9-8 CO2 
monitoring well sponsored by Southeast Regional Carbon Sequestration (SECARB) partnership with the Southern 
Company, EPRI and Denbury Resources. The deployed technologies included a U-Tube formation fluid sampling 
system (tube-in-tube design), discrete pressure and temperature sensors below the packer integrated into the 
completion assembly, together with the fibre optic temperature and distributed acoustic (DAS) sensors together with 
a unique heat-pulse line. All sensors were built into a spoolable flat-pack that can be easily and rapidly clamped to 
tubing while running in. The geophones pods and clamping system were separately deployed but designed to buffer 
and provide a by-pass for the flat-pack.  All monitoring systems passed functionality testing upon installation, and 
have continued to work for the first 18 months of operation. The integrated fiber-optic bundle installed incorporated 
a heat-pulse distributed temperature sensing (DTS) system, which proved invaluable in diagnosing off-depth 
perforations. The surface read-out pressure/temperature data continues to show that CO2 has yet to arrive at the D9-8 
well. The design incorporated specialty fiber optic lines optimised for distributed acoustic sensing (DAS). An initial 
MBM-DAS VSP recorded in May 2012 provided proof-of-concept data showing MBM-DAS acquisition potential, 
leading to, purpose designed DAS VSP test conducted in May 2013. This provided quality data, quantified the 
relative sensitivities of MBM tubing-deployed geophones and DAS, and demonstrated the potential of DAS for 
future applications.  An overarching goal of this MBM project was development of a robust monitoring package. 
The fact that all of the instruments installed are still functioning as intended is a testimony to the robustness of the 
Citronelle deployment package. We consider the Citronelle MBM system is a successful prototype and ‘blueprint’ 
for CO2 storage monitoring.  
  
Fig. 5. MBM components 
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5.5.3 Modular Borehole Monitoring : future capability 
 
In preparation for CCP4 an additional task was added to the MBM project which was to scope out other sensing 
technologies that could be incorporated into the design for future applications. These included consideration of 
continuous active-source seismic monitoring (CASSM) by the integration of fixed active seismic sources with fiber-
optic distributed sensors in an MBM system. With the excellent repeatability of the fixed location source and fiber-
receiver pair, there is potential for obtaining real-time plume mapping through single well imaging. There is 
potential for a well integrity application using continuous Stoneley-wave and P-wave data, recorded using 
distributed acoustic sensing along the entire wellbore length, giving spatial and temporal sampling of changes in 
wellbore elastic properties. Also continuous fluid analysis merging gas membrane sampling technology with U-tube 
sampling to automatize appropriate timing for sampling. This would use fiber-optic chemical sensitive sensors that 
can directly detect and quantify dissolved CO2 and other molecules. 
 
5.5.4 4D VSP monitoring CO2 sequestration in a depleted gas reservoir, CO2CRC Otway Pilot project 
The monitoring program of Stage 1 of the CO2CRC Otway project was focused on two main goals. The first was 
to estimate propagation of the CO2 plume in the depleted gas reservoir and the second was to demonstrate absence 
of leakage. Surface time-lapse was  deployed for assurance monitoring as the predicted changes of the elastic 
properties due to the CO2/CH4 injection were small. On the other hand, borehole seismic is known to have a 
substantially better intrinsic signal/noise ratio compared to the conventional land seismic. As such there was 
potential that a 4D VSP could be used to image the plume movement. However there has been no direct comparison 
between surface (land) and borehole time-lapse seismic. So the goals of the 4D VSP campaign was to compare CO2 
injection monitoring capabilities of 4D surface seismic and  4D VSP. This was achieved by determining (and 
comparing) the potential time-lapse noise level, the image coverage and the practical aspects of deployment. 
The 4D VSP experiment comprising baseline and monitor surveys was conducted in 2007/2010. Data was 
processed by Schlumberger and later cross-equalised and studied by CO2CRC seismic research group of Curtin 
University Perth. Due to the practical limitations different seismic sources were used for baseline (720 kg weight 
drop) and monitor (15,000 lbs vibroseis). The analysis comprised  of the comparison of coverage, time-lapse noise 
(or repeatability) and other 4D imaging parameters between VSP and surface seismic data. In addition an accurate 
prediction of the time-lapse signal from the geological model / fluid flow simulations / rock physics analysis was 
obtained. A comparison of the observed changes in the seismic data to predicted signal was made and finally a 
comparison of practical aspects of deployment of 4D VSP and surface seismic (such as cost, acquisition time, etc.) 
was also made. 
 
The conclusions were that the  4D VSP has had significantly better level of repeatability compared to surface 
seismic data, even if we compare 4D VSP acquired with different sources to the 4D land seismic acquired with the 
same (more powerful) sources and twice the number of shots. 4D VSP is considered as an essential component of 
the Otway Stage 2C and will be used to monitor 15 kt injection in 2015-2018.The 4D VSP requires significantly 
smaller number of field crew, potentially this will result in the cost benefits. There are certain issues with direct use 
of amplitude analysis on 4D VSP data due to the relation between the ray incident angle and distance from the well 
to the reflection point. Imaging the actual plume movement for Otway project Stage I is challenging  since time-
lapse differences are higher compared to the predicted time-lapse  signal. [8] 
 
5.5.5 Evaluating time-lapse borehole gravity for CO2 plume detection at SECARB Cranfield  
The regulatory and risk drivers for CO2 storage processes prompt an assessment of deep reading measurements 
besides seismic, such as gravitational and electromagnetic technologies, which are sensitive to density and electrical 
properties of the fluids, and which are potentially less costly than seismic. In particular this paper explores the 
operational and interpretational challenges of borehole microgravity measurements in a CO2 time lapse survey in 
two wells at the SECARB Cranfield injection site. The baseline acquisition occurred in October 2009 and the repeat 
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survey in September 2010.  The borehole gravimeter data were evaluated by Colorado School of Mines [9] on two 
levels: sensitivity to the larger geologic response and the smaller time-lapse signal from the injected CO2.  All four 
data sets, two for well F02 and two for F03, demonstrated distinct Poisson jumps at the boundaries of the Cranfield 
reservoir and are clearly seeing geology of the site.  The positions of these boundaries are consistent with known 
geology, represented by the 3D reservoir model and simulated reference data for comparison.  Time-lapse changes 
within the reservoir zones are likewise consistent with the 3D problem, where data are seeing deep within a 
reservoir that is neither constant density or represented by horizontally continuous layers.  It was observed that the 
apparent density change from measured gravity data after adjustment is largely consistent with the locations 
predicted from the reservoir simulations.  Therefore, while improvements can be identified for future surveys of this 
type, it is clear from this test project, the time-lapse borehole gravity data for sequestration monitoring at Cranfield 
contains meaningful but qualitative information about CO2 movement. 
 
5.5.6. Downhole source EM acquisition Aquistore model and design  
To assess the potential application of electromagnetic monitoring at Aquistore, Lawrence Berkeley National 
Laboratory and Multi-Phase Technologies collaborated on a two-part study including numerical forward modelling 
of a time-lapse, controlled-source electromagnetic (CSEM) survey, and  an initial engineering study of 
instrumentation and proposed design for a borehole electric dipole source and electrode sensors. A 1D resistivity 
model of the Aquistore sequestration site was built. This model considered borehole-to-surface and single-well (i.e., 
borehole to shallower E-field measurements in the same well) EM monitoring using a downhole vertical electric 
dipole source. Major design constraints for the EM transmitter design include, the total cable length of 3,400 m 
(including drilling 50m into the basement), instrumentation of the bottom 200 m of the borehole and the maximum 
transmitted (Tx) voltage of 1,000 volts. There are three major elements to the system design, the first is  the surface 
transmitter that provides a carefully controlled current source the second was the subsurface electrodes and 
supporting casing did not have leakage pathways and the third  was the wires and cables to connect the electrodes to 
the subsurface. The proposed design uses a pair of half-cylinder shells of stainless steel that are bolted together. The 
inside of the electrode is covered with a layer of fiberglass to provide an additional layer of insulation and is 
attached from the coated metal casing using a circular metal block that is welded to the casing. Although the project 
was focussed on deploying the technology, time-lines for the drilling and instrumenting the well eventually was 
reduced for operational reasons, and hence the procurement timeline meant that the objective could not be met. 
 
5.5.7. Field test of a novel downhole to surface EM technology,  
Subsequent to the modelling and design of a downhole 
EM source described above (5.5.6), CCP were informed of 
novel technology that could possibly transform the 
acquisition of borehole to surface EM monitoring which 
would achieve the same objectives without intervening in 
the well. The technology insight was to use the casing as a 
current conductor from a source on surface. It was shown 
that this does not pose any safety issues. The opportunity 
was to build on the previous work and plan and execute a 
baseline survey at the Aquistore Boundary Dam project in 
Saskatchewan , Canada. Under this project Groundmetrics 
Inc conducted the first ever survey with this novel  
configuration. By providing a current path directly to 
formation depth, this new source has the potential to extend EM methods to reservoir monitoring even in very deep 
formations such as at Aquistore without the need for intervention in the borehole with hardware. Furthermore, the 
eQube, a new type of capacitive electric field sensor that does not require galvanic contact to the ground, was used 
to acquire all data. The eQube opens the door to precision long-term monitoring, and if desired, permanent 
Fig. 6. GMI borehole to surface through casing TX-Rx array 
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installation of E-field sensors even where coupling conditions are challenging such as in frozen tundra or desert 
conditions. 
 
This project has produced the following important results.  
 
x The subsurface current flow was detected with very high coherence, > 99.9% at 800 m.  
x The measurement SNR corresponding to the coherence is 10,000, which is compatible with detecting a 
0.01% change in signal due to CO2 injection.  
x  Closer to the well the SNR was > 5  times  higher.  
x Consequently it was  demonstrated  that the  measurement system is capable of detecting plumes over 
several square kilometers 
 
Further, the surface field recorded at 1140 m from the well was only 7 times smaller than the field at 80 m, opening 
the door to true wide area reservoir monitoring. EM methods offer new ways to image fluid displacements in 
reservoirs and fluid injection into formations. A follow-up time-lapse survey is planned 2015 for acquisition after 
the injection of the CO2 planned for the end of 2014, providing CCP4 approves the project.  [10] [11]  
 
5.5.8. InSAR monitoring at Decatur CO2 injection site 
 
In collaboration with the US DOE MGSC, CCP3 contracted TRE-Canada to acquire and analyse ground anticipated 
deformation from CO2 injection at the Decatur site (Illinois, USA).  Existing reflectors supplemented by 
manufactured reflectors were used to maximize the detection of ground heave and GPS (tiltmeter) was installed by 
the University of Florida to detect lateral ground deformation.  The InSAR acquisition did not show significant 
ground movement, possibly due to higher than expected permeability of the large injection reservoir limited pressure 
build up.   
 
5.6 Contingencies (Leakage detection, characterization and intervention) 
 
CCP3 launched its contingencies program to provide additional assurances to stakeholders on what interventions are 
available (or can be developed) to intervene in the unlikely case of significant leakage from a well selected, operated 
and monitored storage project.  
   
5.6.1. Modeling and simulation of CO2 leakage and intervention 
 
CCP3 initiated with Stanford University the first comprehensive modeling and simulation study on options for 
detection and intervention of CO2/brine leakage through top or fault seals, away from well control.  A workflow 
involving a multi-disciplinary team was developed and executed.  This included detection resolution of leaks, leak 
characterization, intervention strategies, assessment of intervention and completion. A model geologic system / CO2 
injection scenario was used to (- key conclusions from Stanford’s final report): 
x Detection via monitoring - Pressure monitoring from the overlying aquifer may be effective for early detection 
whereas surface seismic detection (in this model) may require up to 5000 tonnes of CO2 to be accumulated in the 
overlying aquifer.   
x Leak rate assessment – Sensitivity studies were conducted to assess the influence of fault zone size, geometry 
and architecture as well as reservoir / overlying aquifer properties on fluid migration rates.  Simulations show 
that leakage rates are strongly influenced by permeability contrasts between the storage and overlying reservoirs. 
x Fault characterization – Understanding of leakage hydraulics and thus rates with physical heterogeneities in fault 
damage zones is poorly understood owing to lacking field data. Simulation, however, indicates that migration of 
dry CO2 through top seals could lead to precipitation reaction that may ultimately limit flow.  
x Intervention and remediation – Five approaches were evaluated for their potential efficacy in slowing or stopping 
through seal leaks: 
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o Passive remediation – Stopping injection in some circumstances (e.g., early detection and residual CO2 
saturation > 20%) may be effective in limiting of stopping CO2 leakage, however, an alternative storage site 
would need to be developed. 
o Hydraulic barriers – Injection of water above the leaking top seal or extraction of CO2 from beneath the top 
seal (and variants thereof) may quickly stop leakage but these operations may have to be maintained to prevent 
reoccurrence.  
o Accelerated trapping in the aquifer – Injecting brine into the CO2 charged receptor aquifer accelerates trapping 
of CO2 via capillary forces.  
o Sealants – A commercial sealant (Halliburton’s H2ZeroTM) used for well remediation was experimentally 
tested for setting (gelling) time under CO2 storage conditions.  To overcome the short gelling time an efficient 
sealant delivery system, was designed and modelled.  
o Reactive sealant delivery and effectiveness – Numerical simulations of a reactive barrier emplacement using 
(e.g., amorphous silica system) were simulated for sealant efficacy. Although this approach appears promising, 
considerable additional work is needed to overcome complex conditions at reservoir level. 
The Stanford team has proposed future work along the lines of bench to field scale tests of hydraulic controls and 
sealant delivery and effectiveness. 
 
5.6.2. Design of a bench-field scale induced fracture sealing experiment 
 
A detailed design for a “fracture sealing” experiment at Mont Terri Underground Laboratory (Switzerland) was 
developed for CCP3 by GeoScience Ltd. and associates. The proposed experiment entails inducing multiple 
independent fracture sets with establishment of fluid circulation between the central injection and distal passive 
wells then injection of multiple sealants (candidates include a commercial well sealant, biofilm-forming microbes 
and nanoparticles that expand when externally triggered).  The experiment will use water rather than CO2 for HES 
purposes, however, CO2 could be used in another similar experiment if the first experiment proves successful with 
full control of fluid migration.                           
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